Calcitonin (CT) and calcitonin gene-related peptide (CGRP) are encoded by a single gene, the CALC-I gene. They are expressed in the thyroid and in the nervous system by alternative splicing of the pre-messenger RNA derived from the CALC-I gene. In medullary thyroid carcinoma (MTC), a malignancy derived from the calcitonin-producing C-cells in the thyroid, production of calcitonin and CGRP is a common feature. We investigated the CT and CGRP production of four spontaneous MTCs transplanted three to four times and 14 MTC lines transplanted for several years in WAGlRij rats, a strain with hereditary MTC. The expression of CT and CGRP in the spontaneous and in the transplanted tumors was studied by means of RNA in situ hybridization (RISH), dot-blot analysis, and immunohistochemistry. A
Introduction
Messenger RNAs (mRNA) of calcitonin (CT) and calcitonin generelated peptide (CGRP) are two distinct mature mRNAs encoded by the CALC-I gene, and are therefore derived from one precursor RNA (Figure 1 ). CGRP is expressed in a tissue-specific manner in the nervous system (Ishida-Yamamoto and Tohyama, 1990) , whereas CT and CGRP are expressed in the C-cells of the thyroid (Denijn et al., 1990; Arias et al., 1989) and in medullary thyroid carcinoma (MTC), a malignancy of the calcitonin-producing C-cells of the thyroid (Hoppener et al., 1986; Sikri et al., 1985) . In serially transplanted rat MTC lines, Rosenfeld et al. (1981 Rosenfeld et al. ( ,1982 noted a switch in peptide production of the calcitonin gene from ' Present address: Dept. of Pathology, University Hospital of Nijmegen. 6525 GA Nijmegen, The Netherlands.
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down-regulation of CT production in transplanted compared with spontaneous tumors was observed, but an inverse relation between CT and CGRP mRNA content in both spontaneous and transplanted tumors was not observed. In this study, RISH proved to be as sensitive as dot-blot analysis to detect gene expression in tissue samples. The different approaches of analyzing the gene expression in tissue samples (the cellular localization of gene expression by ISH vs the analysis of an extract of a total tissue sample with dot-blot analysis) showed that each technique is equal in value and that they are complementary to each other. high to low calcitonin levels, whereas the CGRP lacked in the "high CT producer lines" and appeared in "low CT producer lines." WAG/Rij rats develop MTC in 50% of older animals (Boorman et al., 1972) . This strain, derived from Wistar rats, has several genetic defects correlated to calcitonin metabolism, such as elevated CT mRNA levels in the C-cells (Delehaye et al., 1990 ) and a loss of renal binding sites for CT (Bouizar et al., 1987 (Bouizar et al., ,1989 . We examined the expression of the CALC-I gene in MTC of WAG/Rij rats. Four MTC which underwent three to four passages, referred to as "spontaneous" tumors, and 14 MTC lines which were transplanted for several years, referred to as transplanted tumors, were investigated by means of dot-blot analysis, RNA in situ hybridization (RISH), and immunohistochemistry (IHC). In addition to the study of the gene expression of CALC-I in transplanted WAGlRij MTC, the sensitivity of RISH compared with dot-blot analysis w a s established.
Materials and Methods
Tissues. Four recently transplanted medullary thyroid carcinomas ( M E ) (three to four passages, "spontaneous" tumors) and 14 MTC transplanted during several pars in WaglRij rats were obtained from the University Central Animal Laboratory (Utrecht, The Netherlands). After removal, the tumors were frozen at -7O'C. Each tumor was divided into two parts. Sections for RISH and for immunohistochemistry were cut from one part. From the second part mRNA was isolated.
Probe Labeling. A calcitonin-specific exon 4 probe (probe length is 12.5% of the CT mRNA) and an a-CGRP-specific exon 6 probe (kindly provided by Dr. S. Leff, La Jolla, California) (probe length is 30% of the CGRP mRNA) were labeled with a random priming kit from Promega Biotech (Madison, WI) (Feinberg and Vogelstein, 1984) . For ISH the probes were labeled with [3'S]-dCTP (>lo00 Cilmmol) (Amersham; Poole, UK) to a specific activity of 4 x 10' dpmlpg for the CT probe and of 5.6 x 10' dpmlpg for the CGRP probe. For the dot-blot hybridization the probes were labeled by random priming with 32P (>lo00 Cilmmol) (NEN Dupont; Boston, MA) to a specific activity of 3.4 x lo9 d p m l M for the CT probe and of 2.2 x 109 dpmlpg for the CGRP probe. Subsequently, the probes were purified by gel filtration on Sephadex G-50.
RNA Isolation and Blotting. RNA was isolated according to Chomczynski and Sacchi (1987) . After the total RNA isolation procedure the amount and purity of the RNA samples were measured by optical density (OD) (Maniatis et al., 1982) . The RNA samples were re-extracted with Trissaturated phenol and chloroform. Subsequently, the RNA samples were precipitated with ethanol. This procedure was repeated until the OD 260l280 ratio of the samples reached a value of about 1.7. The RNA samples were dot-blotted at dilutions of 10, 1, and 0.1 pg on Hybond membrane (Amersham). The dot-blot was consecutively hybridized with the 32P-labeled CT and a-CGRP probe according to the instructions of the manufacturer. Autoradiography took place for 48 hr on Kodak X-0-Mat film. Loss of hybridization signal after re-probing a dot-blot was tested in a pilot experiment.
A dot-blot of RNA extracts of "spontaneous" tumors was hybridized with the calcitonin-specific probe, stripped, and checked for remaining signal by autoradiography for 14 days. Subsequently, the dot was rehybridized with the same probe labeled to a similar specific activity. The loss of hybridization signal was found to be minimal.
In Situ Hybridization. Tissue processing and hybridization occurred as described earlier (Denijn et al., 1990) . Briefly, 8-pm cryosections were thawed, fixed in 4% paraformaldehyde, and rehydrated in PBS. Subsequently, the sections were permeabilized with proteinase K (1 pglml). acetylated with acetic anhydride, and dehydrated before hybridization. Heatdenatured DNA probe (100,Ooo dpm) was added to 25 p1 hybridization buffer and applied on the sections. Hybridization took place overnight at 42'C. Excess probe was removed by washing at 42°C in 2 x SSC-50% formamide for 30 min and three times in 1 x SSC-50% formamide for 45 min. The sections were dehydrated and dipped in Kodak NTB2 film emulsion. Autoradiography was performed for 7 days at 4°C. The emulsion was developed in Kodak D 19 developer and fixed in sodium thiosulfate. The sections were counterstained with hematoxylin and mounted in synthetic resin. As control probe we used a 3'S-labeled phage lambda DNA.
Immunohistochemistry. Frozen sections (8 pm) were fixed in 4% paraformaldehyde. The slides were rehydrated in PBS, followed by a blocking step with PBS-10% normal goat s e n " Rabbit anti-calcitonin (Dakopatts; Glostrup, Denmark) was diluted 1:800 and rabbit anti-CGRP (Amersham) was diluted 1:1500 in PBS-10% normal rat serum. One hundred pI Table 1 of the dilution were applied, and the slides were incubated for 1 hr at room temperature. The slides were washed in PBS three times for 10 min. Subsequently, 100 PI of biotinylated goat anti-rabbit IgG (Vector; Burlingame, min. After three washing steps in PBS, the biotinylated antibody -detected for 45 min by an ABC complex (Vector). The reaction product was visualized with DAB precipitation in PBS-0.03% H2O2. The sections were counterstained with hematoxylin, dehydrated. and embedded in synthetic resin.
in Table 1 .
Results
CA) was at a dilution of 1:200 in normal rat serum for 3o
The production ofcalcitonin (CT) and calcitonin gene-related peptide (CGRP) in four "SpOntaneOuS" rat M K transplanted for three to four times and in 14 rat MTC transplanted for several Yean was examined by RNA in situ hybridization (RISH), immunohistochemistry (IHC), and dot-blot analysis. The results are summarized 
Dot-blot Analysis
The production of calcitonin and CGRP mRNA in rat medullary thyroid carcinoma (MTC) was studied by dot-blot analysis of the total RNA extracts of four "spontaneous" and 14 transplanted tumors. The autoradiograph of the dot-blots hybridized with a calcitonin-and CGRP-specific probe are shown in Figure 2 . Hybridization of the CT-and CGRP-specific probe was found in 12 of the 18 tumors analyzed. The "spontaneous" tumors (Cases 1-4) showed the highest expression of CT mRNA (Figure 2a ). In eight of the 14 transplanted tumors a lower level of CT expression was observed, whereas in six of the cases no significant hybridization was found. On the basis of image analysis (results not shown), we estimate a 50-to 100-fold lower level of CT mRNA expression in the transplanted tumors compared with the "spontaneous" tumors. The tumors that expressed CT mRNA also expressed a-CGRP mRNA (Figure 2b) . However, the amount of CGRP mRNA in some transplanted tumors (e.g., Cases 17 and 18) was comparable to or even higher than that in one (Case 3) of the "spontaneous" tumors.
In Situ Hybridization
Sections of the tumors analyzed for CT and CGRP RNA production were hybridized with 35S-labeled specific CT and CGRP probes. The results obtained with ISH were in accord with the results obtained with the dot-blot analysis (Table 1 ). All the "spontaneous" tumors hybridized very strongly with the CT probe ( Figure  3a ). Only eight of the 14 transplanted tumors hybridized with the CT probe (Figure 4a ). The hybridization was distinct but of lower intensity compared with the "spontaneous" tumors. All the tumors that hybridized with the CT probe also hybridized with the a-CGRP probe (Figures 3b and 4b) . The intensity of the signal obtained with the CGRP probe was comparable to or less than the signal obtained with the CT probe in transplanted tumors. The tissue sections hybridized with control probe showed only background staining (Figure 4c ). Although the results of dot-blot analysis and ISH are similar, the information obtained with both techniques is complementary. ISH performed on tissue sections from the same tumor showed that the same areas and about the same number of cells expressed both CT and CGRP mRNA. A distinction could be made in the distribution of the productive cells. In general, most of the tumor cells in the productive tumors showed a homogeneous hybridization. In two cases (Cases 6 and 8), however, ISH showed that only a small percentage of tumor cells were producing CT and CGRP in a higher concentration than other cells (Figure 4 ). In these tumors the amount of CT and CGRP mRNA on dot-blot was low. In Case 10 the calcitonin mRNA was higher compared with Cases 6 and 8 on dotblot. ISH analysis revealed that the tumor consisted of a homogeneous population of tumor cells producing relatively low amounts of calcitonin mRNA.
Immunohistochemistry
Adjacent tissue sections were analyzed for the presence of CT and CGRP polypeptides by immunohistochemistry. CT and CGRP immunoreactivity was observed in the same tumors that expressed the mRNA for both polypeptides (Figures 3c, 3d, and 4d) . The cellular localization of immunoreactive CT and CGRP corresponded to that of the respective RNAs. The concentration of the immunoreactive polypeptides in the tissue samples was not analyzed. The signal seemed as intense in the "spontaneous" as in the transplanted tumors. Only the number of the productive cells was established.
Discussion
Medullary thyroid carcinoma ( M E ) is a malignancy derived from the CT-producing C-cells of the thyroid (Hoppener et al., 1986; S k i et al., 1985) . In these tumors, alternative splicing of the CALC-I gene gives rise to two distinct polypeptides, CT and CGRP Rosenfeld et al., 1981 Rosenfeld et al., ,1982 . This study presents an evaluation of the transcription and translation of the CALC-I gene in four "spontaneous" and 14 transplanted MTC of the rat WAG/Rij strain. CT and CGRP mRNA production in these tumors was investigated by ISH and dot-blot analysis. The presence of CT and CGRP polypeptide was studied with immunohistochemistry. All the "spontaneous" tumors and eight of the 14 transplanted tumors examined showed expression for both CT and a-CGRP. The three techniques applied were found to be equally sensitive for detection of expression of the CALC-I gene. A more detailed analysis of the results revealed the specific properties of the techniques employed. Dot-blot analysis has the advantage that equal amounts of the total RNA extracted can be examined. This makes the technique suitable for (semi)quantitative analysis of the synthesis of a specific RNA. However, the results can be understood only in terms of the presence or absence of the product in the total tissue sample. In contrast, ISH visualizes gene transcription at a cellular level and reflects the in vivo situation. For two cases (Cases 6 and 8) in this study, ISH showed that the relative CT mRNA production per tumor cell was more important than could be expected on the basis of the dot-blot analysis. IHC locates the translation products at a cellular level, confirming indirectly the hybridization experiments. IHC is more rapidly performed than the hybridization procedures, but in these experiments no distinction could be made in the amount of immunoreactivity in the tissue samples analyzed.
The results of this study suggested a decrease of CT production after serial transplantation of the MTC. The loss of CT production was found at both the RNA level and the polypeptide level. These findings confirmed the observations made by Rosenfeld et al. (1981 Rosenfeld et al. ( ,1982 . In contrast, instead of an increase of CGRP mRNA in transplanted tumors, a constant production of CGRP mRNA in both the "spontaneous" and the transplanted tumors was found. The hybridization signal with the CGRP probe was distinct by both ISH and dot-blot analysis but revealed a lower level of expression of CGRP RNA compared with CT mRNA production in the "spontaneous'' tumors. A similar excess of CT RNA expression compared with that of CGRP-I was observed in human MTC (Hoppener et al., 1986 ) and might be due to a difference in regulation of the splicing processes of the RNA. Delehaye et al. (1990) reported that increase of CT plasma levels correlated with an increase of CT mRNA after a calcium provocation test. In contrast, no rise in CGRP plasma levels was noted (Mansson et al., 1990; Poston et al., 1987) . Nelkin et al. (1989) studied the gene expression of CALC-I during growth of TT-cells, a human MTC cell line. They suggested that changes in trans-acting factors favor CGRP mRNA expression during rapid cell growth, whereas an increase of CT mRNA was noticed in confluent cells. In parallel, we may state that in "spontaneous" MTC the tumor cells are in a "steady-state'' situation comparable with confluent TT-cells, resulting in an increase of CT mRNA expression. Transplantation of the MTC tumor cells, however, might induce the cells to enter a logarithmic growth phase, favoring CGRP to the detriment of CT expression. In six tumors no mRNA nor polypeptide for CT and CGRP could be found. The loss of polypeptide production might be explained by the fact that serial transplantations of a tumor involve a selection of fast-growing tumor cell types, which can change the phenotypic characteristics of the tumor after several transplantations.
In this study the expression of the gene products of CALC-I in 18 rat MTC was analyzed. The transplanted tumors investigated had a lower CT mRNA expression compared with the "spontaneous" tumors. This may be explained by a drop in CT production after serial transplantation of the tumors, as was previously noted by Rosenfeld et al. (1982) . Dot-blot hybridization of isolated "A, RISH, and IHC of the polypeptide were each of value for analysis of the calcitonin and CGRP expression. Dot-blot and RISH on frozen sections showed a similar sensitivity for the detection of calcitonin and CGRP gene expression at the mRNA level in rat MTC.
